Objective: Intrathyroid injection of dexamethasone (DEX) has been used to treat Graves' disease (GD); however, the mechanism of this treatment remains poorly understood. The objective of this study was to investigate the effects of DEX on the function of regulatory T (Treg) cells (CD4 C CD25 C T cells) in patients with GD. Methods: Peripheral blood was obtained from 20 patients with GD, and peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque density gradient separation. CD4 C CD25 -/CD4 C CD25 C T cells were isolated by immunomagnetic selection and DEX was co-cultured with PBMCs or isolated T-cells for 72 h. Treg cell function was analyzed using the proliferation rate of CD4 C CD25 -T cells. Results: The proportion of Treg cells and the transcription factor forkhead box P3 (FOXP3) mRNA expression in PBMCs decreased in GD patients compared with healthy subjects, and Treg cell function was impaired in patients with GD. Although the proportion of Treg cells and FOXP3 mRNA expression in PBMCs did not increase, the function of Treg cells improved after the treatment with DEX. Moreover, the proportion of T-helper 2 (Th2) cells was decreased by the DEX treatment. Conclusions: DEX could effectively improve the function of Treg cells and set up a new balance of Th1/Th2 in GD patients. This study might help to further understand the immune mechanism of the intrathyroid injection of DEX in the treatment of GD and facilitate the potential use of this therapy.
Introduction
Graves' disease (GD), the leading cause of hyperthyroidism and thyroid eye disease, is one of the most common organ-specific autoimmune diseases and is manifested with diffuse goiter, hyperthyroidism, and thyroidspecific autoantibodies with/without ophthalmopathy and/or dermopathy. However, the exact pathogenesis of GD remains poorly understood.
The recent breakthrough discovery of regulatory T (Treg) cells has shed light on its roles in developing and progressing GD. Depletion of Treg cells rendered some C57BL/6 mice susceptible to induction of GD (1, 2) . In untreated GD patients, the percentage of circulating CD4 C CD25 C FOXP3 C Treg cells markedly decreased (3) . Moreover, Treg cells play an important role in the link between GD and Hashimoto's thyroiditis (4) .
Treg cells, a subset of CD4 C T cells, expressed high levels of CD25 and the transcription factor forkhead box P3 (FOXP3), and thus play an important role in the prevention of autoimmune disease and exert a key homeostatic effect in T-helper (Th) cells (5) . Th cells consist of two subpopulations, Th1 and Th2, based on distinctive patterns of cytokine production (6) .
Th1 cells, which secrete interferon g (IFNg), interleukin 2 (IL2), and IL12, are associated strongly with cellmediated immune responses, while Th2 cells, which secrete IL4, IL5, and IL10, are involved in humoral immunity (7) . The imbalance of Th1/Th2 cells caused by Treg cell dysfunction may determine the outcome of autoimmune diseases (8) . Although GD is considered an autoantibody-mediated Th2-dominant disease, Th1 dominance may prevail in its initial phase (9) .
Antithyroid drugs are the main treatment strategy for GD in China and Europe, and a long-term therapy of about 12-18 months is usually adopted (10, 11) , requiring careful monitoring of patients for side effects of rash, joint pain, liver inflammation, and agranulocytosis (11, 12) . After therapy withdrawal, the relapse rate is very high (40-60%), and many patients need further treatment.
In our previous study, a new treatment strategy for GD was introduced (13) . After methimazole (18 months) was combined with an intrathyroid injection of dexamethasone (DEX; 3 months), the relapse rate of hyperthyroidism was markedly reduced compared with methimazole alone (7.4 vs 51%) during the 2-year follow-up period, and serum thyrotropin receptor antibody (TR-Ab) levels, the TR-Ab positive rate, and thyroid volume also decreased (13) . However, the mechanism by which DEX reduces the relapse rate of GD is not fully understood.
DEX is a kind of glucocorticoid usually used in the treatment of Graves' ophthalmopathy (GO) and is one of the most effective medicines (14, 15) . Some reports showed that Treg cell count increased with DEX treatment in chronic idiopathic thrombocytopenic purpura and other autoimmune diseases (16, 17) .
In this study, we isolated CD4 C CD25 -/CD4 C CD25 C T cells from the peripheral blood of untreated GD patients and evaluated the effects of DEX, cyclophosphamide (CTX), and azathioprine (AZA) on Treg cell function. We found that DEX can improve Treg cell function in GD patients. Thus, the reduction in the relapse rate of hyperthyroidism with DEX treatment might relate to its modulation of Treg cells in GD patients.
Patients and methods

Patients
Peripheral blood was obtained from 20 newly diagnosed patients with GD. None of the patients had overt GO nor received any antithyroid treatment. Diagnosis of GD was established in accordance with commonly accepted clinical and laboratory criteria: hyperthyroidism; diffuse goiter without nodular formation at ultrasound; uniform pattern of uptake on scan with Tc-99m; and the presence of TR-Ab in the serum. The diagnosis of hyperthyroidism was based on signs and symptoms of thyrotoxicosis and on the basis of raised free thyroxine (FT 4 ) levels with low TSH levels. Peripheral blood was also obtained from 18 healthy individuals with normal TSH and FT 4 and negative TR-Ab in the serum. Patients with other coexistent endocrine or organ-specific autoimmune disease, such as those with atopic dermatitis or bronchial asthma, were excluded from the study. Patients taking medications (such as corticosteroids) that could affect the immune system were also excluded. The clinical characteristics of patients with GD and healthy controls are shown in Table 1 . Written informed consent was obtained from the subjects before the study, ethics permission was obtained for the use of all samples, and the study was approved by the Local Ethics Committee of our hospital.
T-cell isolation and expansion
Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood by Ficoll-Hypaque density gradient separation. CD4 C CD25 -/CD4 C CD25 C T cells were isolated from PBMCs by immunomagnetic selection using the Treg isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) (18) . Cell purity was always O95%, as assessed by flow cytometry analysis.
The isolated PBMCs and T-cells were cultured in RPMI-1640 medium (10% fetal bovine serum, Gibco Life Technologies) for 72 h in vitro, and T-cell proliferation was stimulated with 100 ng/ml each of anti-CD3 and anti-CD28 MABs (eBioscience, Inc., San Diego, CA, USA).
Methylthiazol tetrazolium assay
Methylthiazol tetrazolium (MTT) assay was used to determine the terminal concentrations of the immunosuppressive agents. PBMCs were seeded at a density of 1!10 4 cells/well in 96-well plates in 200 ml volume media. DEX, CTX, and AZA were added in different doses (10 K3 , 10 K4 , 10 K5 , and 10 K6 mmol/l). The PBMCs were cultured for 72 h and then 10 ml of MTT solution (5 mg/ml in PBS) was added into each well. The cells were incubated at 37 8C for 4 h allowing the MTT to be metabolized. The supernatant was removed after centrifugation and 100 ml DMSO was added into each well to dissolve formazan crystals. The absorbance of the solutions with dye was measured at 492 nm on a multiwell spectrophotometer (BioTek, Winooski, VT, USA).
Flow cytometry analysis
PBMCs were washed and stained with anti-CD4-FITC, anti-CD25-PE (BD Biosciences, San Diego, CA, USA) and anti-FOXP3-APC (eBioscience, Inc.), and then threecolor flow cytometry analysis was performed. The positive (CD4 C CD25 C ) cells were detected as Treg cells by analyzing at least 5000 PBMCs. Th1/Th2 cells were stimulated and stained with the Th1/Th2 cells test kit (BD Biosciences). The test used anti-CD3-PerCP-Cy5-5 and anti-CD8-PE-Cy7 to identify the Th cells. Th1 and Th2 cells were stained with anti-IFNg-FITC and anti-IL4-PE respectively.
RNA isolation and real-time quantitative PCR
Total RNA was isolated from PBMCs using TRIzol reagent (Ambion; Life Technologies). The FOXP3 mRNA expression was quantified by RT-PCR using , Otsu, Shiga, Japan) using primer for FOXP3 designed as follows: 5 0 -TTCGAAGAGCCAGAGGACTT-3 0 and 5 0 -GCTGCTCCAGAGACTGTACC-3 0 . The primer set for b-actin consisted of 5 0 -ATCTGCTGGAAGGTGGA-CAGCGA-3 0 and 5 0 -CCCAGCACAATGAAGATCAAGAT-CAT-3 0 . The total reaction volume was 20 ml and the PCR was programed as an initial incubation for 30 s at 95 8C followed by 40 thermal cycles of 5 s at 95 8C and 34 s at 60 8C. The relative quantity of FOXP3 mRNA of GD PBMCs to normal PBMCs was calculated by using the following equation: 2 KDDC t . All reactions were confirmed by at least one additional independent run.
Functional analysis of Treg cells
CD4 C CD25 K T cells (1!10 5 ) were mixed with or without CD4 C CD25 C Treg cells (1!10 4 ) in the presence of anti-CD3 and anti-CD28 MABs. The cells were then cultured for 72 h in complete RPMI-1640 medium in 24-well plates. 5-(6)-Carboxyfluorescein diacetate N-succinimidyl ester (CFSE; Sigma-Aldrich) was added for cell labeling 15 min before cell proliferation analysis by flow cytometry. Treg cell function was analyzed using the proliferation rate of CD4 C CD25 K T cells, according to the following formula: cell proliferation rate (%)Zproliferation rate of CD4 C CD25 K T cells co-cultured with CD4 C CD25 C T cells/proliferation rate of CD4 C CD25 K T cells alone!100%.
Statistical analysis
All the experiments were run in triplicate. Statistical analysis was performed using SPSS 16.0 Software (SPSS, Inc., Chicago, IL, USA). Data are expressed as meanGS.E.M. The differences between two groups were analyzed using the two-tailed Student's t-test: a P value !0.05 was considered significant.
Results
Proportion of circulating CD4 C T cell subsets and expression of FOXP3 mRNA in GD patients
We comparatively studied the proportion of different CD4 C T cell subsets in the PBMCs from GD patients and healthy controls by flow cytometry, as shown in Fig. 1A and B. The percentage of CD4 C CD25 C Treg cells in GD patients was significantly lower than that in healthy controls (P!0.05), and a significantly higher proportion of Th1 cells was detected in patients with GD compared with healthy controls (P!0.05). No significant difference was found in the proportion of Th2 cells between patients with GD and healthy controls (PO0.05).
To corroborate the differences in Treg cell proportion between GD patients and healthy controls, we quantified FOXP3 mRNA expression in PBMCs by RT-PCR. The results showed that FOXP3 mRNA expression of PBMCs was also lower in patients with GD than in healthy controls (P!0.05; Fig. 1C ).
Treg cell function in patients with GD
The function of CD4 C CD25 C Treg cells was evaluated by the proliferation rate of CD4 C CD25 K T cells with flow cytometry. The results showed that the proliferation rates of CD4 C CD25 K T cells in healthy controls and GD patients were 64.97% (60.1/92.5!100%) and 88.21% (74.8/84.8!100%) respectively. According to this result, the suppressive function of Treg cells was lower in patients with GD than in healthy controls (P!0.01; Fig. 2 ). 
Treg cell function improved by dexamethasone
Effects of immunosuppressive agents on the proportion of circulating T-cell subsets
We then evaluated the effects of DEX, CTX, and AZA on the proportion of circulating T-cell subsets. DEX, CTX, AZA, and blank control were co-cultured with PBMCs that were isolated from GD patients for 72 h. The terminal concentrations of these immunosuppressive agents were all 10 K5 mmol/l. The dose of these drugs was determined by the results of the MTT assay. The MTT assay showed that higher concentrations of the drugs caused cell death. As shown in Fig. 3 , the percentages of CD4 C CD25 C Treg cells all decreased when the cells were treated with immunosuppressive agents (DEX, CTX, and AZA) compared with the control (P!0.01 for each comparison), Th1 cells increased in the cells treated with CTX compared with the control (P!0.05), whereas Th2 cells decreased in the cells treated with DEX compared with the control (P!0.01).
Changes in FOXP3 mRNA expression in PBMCs after treatment with immunosuppressive agents
In order to confirm the effects of immunosuppressive agents on the quantity of Treg cells, we evaluated the FOXP3 gene expression by RT-PCR after treating the PBMCs with DEX, CTX, and AZA. As shown in Fig. 4 , there was no significant difference in FOXP3 gene expression in the DEX-and CTX-treated PBMCs compared with the control. However, FOXP3 mRNA expression decreased in the cells treated with AZA compared with the control (P!0.05).
Function of Treg cells affected by immunosuppressive agents in patients with GD
When Treg cells and CD4 C CD25 K T cells (mixed at a 1:10 ratio) were co-cultured with immunosuppressive agents for 72 h, the suppressive function of Treg cells was improved by DEX in patients with GD compared with the control (P!0.01). However, there were no significant changes in the functions of Treg cells after the cells were co-cultured with CTX and AZA in patients with GD (see Fig. 5A ). Moreover, we observed that CTX impaired the function of Treg cells in healthy subjects, but there were no significant effects of DEX and AZA on the functions of Treg cells in healthy subjects (see Fig. 5B ).
Discussion
This study confirms the findings of previous studies (3, 18, 19) that found a lower proportion of Treg cells in the peripheral blood of GD patients. The results are confirmed by quantified FOXP3 mRNA expression, identified as the most specific marker for active Treg cells. Moreover, Treg cell function was impaired in patients with GD in this study. Although the role of Treg cells in the pathogenesis of GD in humans is not fully understood, depletion of Treg cells could cause C57BL/6 mice to develop GD (1, 2) . A decrease in Treg cell function might be a crucial factor in the pathogenesis of GD. Accordingly, an increase in the proportion or an improvement in the function of Treg cells might help in the remission of GD. Although the proportion of Treg cells did not increase, the suppressive function of Treg cells improved after treatment with DEX in this study. Considering the results of our previous study (13) along with the results of this study, we have reason to believe that DEX has some beneficial effects in the treatment of patients with GD, and the role of DEX on GD patients might be, at least partially, to regulate Treg cells.
The exact reason for Treg cell dysfunction in GD patients remains poorly understood. Among different professional antigen-presenting cells, it is now widely accepted that dendritic cells (DCs) are the most potent, involving both the primary and secondary immune responses (20) . Mao et al. (3) found that DCs derived from untreated GD patients through plasmacytoid DC polarization impaired the regulatory capacity of Treg cells.
The proportion of Treg cells in PBMCs significantly decreased with treatment from all of the immunosuppressive agents (DEX, CTX, and AZA); however, FOXP3 mRNA expression decreased slightly in this study. Only AZA treatment significantly reduced the FOXP3 mRNA expression. This discrepancy might be attributed to the existence of other PBMCs expressing FOXP3, e.g. B-cells and NK cells (21, 22) . These cells were included in the mRNA detection of PBMCs, and can be identified by flow cytometry in the Treg cell proportion test. The decrease in the proportion of Treg cells in this study might be due to the immunosuppressive agents inducing apoptosis in T-cells (23, 24) . However, some in vivo studies have produced opposite results (16, 17, 25) . Giorgini et al. (26) reported that Treg cells were resistant to the inhibition induced by DEX but not by rapamycin.
In this study, we also observed the effects of CTX and AZA on the function of Treg. The results suggested that CTX and AZA did not have any effect on Treg cell function, so CTX and AZA might not be suitable for treating GD.
Th lymphocytes consist of two subpopulations, Th1 and Th2, regulated by Treg cells via cell-to-cell contact or the release of suppressive cytokines, such as transforming growth factor b or IL10 (5) . The balance between Th1 and Th2 lymphocytes may determine the outcome of autoimmune diseases. Recent studies have suggested that both Th1 and Th2 cells participate in the pathogenesis of GD, and the roles of Th1 and Th2 on the pathogenesis of GD are diverse at different phases of GD (9) . The development of GD is related to the production of antithyroid antibodies, which suggests the importance of Th2 cells in the pathogenesis of GD. Following the improvement in Treg cell function, the proportion of Th2 cells decreased with DEX treatment in this study. Although GD's classification as a typical Th1-dominant disease is up for debate, some studies have suggested that Th1 cells play a role in the induction of GD (9, 27) . In this study, we found an increase in the proportion of Th1 cells in GD patients, which corresponds to the result of other reports (9, 28) . After DEX treatment, Th1 cells were not affected. One possible explanation is that the proportion of Treg cells was reduced by the DEX treatment. Another possible explanation is the patients whom we selected in this study. Moreover, the balance between Th1 and Th2 cells plays an important role in the outcome of GD, and the regulation of this balance by Treg cells is much more complex.
In summary, this study shows that DEX could effectively improve the function of Treg cells and set up a new balance of Th1 and Th2 cells in GD patients, which might be helpful to further understand the immune mechanism of the intrathyroid injection of DEX in the treatment of GD and facilitate the potential use of this therapy. Finally, we consider it necessary to perform additional studies, especially in vivo studies, to fully elucidate the complex role of Treg cells and the balance of Th1 and Th2 cells in the treatment of GD with immunosuppressive agents. 
